Abstract. Upregulation of the Kir2.1 channel during endoplasmic reticulum (ER) stress in t-BBEC117, an immortalized bovine brain endothelial cell line, caused a sustained increase in intracellular Ca 2+ concentration ([Ca 2+ ] i ) and a facilitation of cell death. Expressions of Ca 2+ influx channels (TRPC, Orai1, STIM1) were unchanged by ER stress. The ER stress-induced [Ca 2+ ] i increase was mainly attributed to the deeper resting membrane potential due to Kir2.1 upregulation. ER stress arrested at the G2/M phase and it was attenuated by an inhibitor of Kir2.1. These results indicate that Kir2.1 upregulation by ER stress facilitates cell death via regulation of cell cycle progression in t-BBEC117.
Short Communication
Brain capillary endothelial cell (BCEC) is the major component of the blood-brain barrier (BBB), which is structurally characterized by the intercellular tight junction and the surrounding astrocytes and pericytes (1) . The proper balance between the proliferation and the cell death is essential for BBB integrity (2) . In various types of cells, changes in intracellular Ca 2+ concentration ([Ca 2+ ] i ) contribute to the regulation of cell functions, including cell proliferation and cell death (3, 4) . It has been shown that membrane hyperpolarization due to the activation of inward rectifier K + channel (Kir2.1) regulated [Ca 2+ ] i to cause cell death in t-BBEC117 (5), which is an immortalized bovine brain endothelial cell line established by the transfection with SV40 large Tantigen-expressing vector (6) .
Endoplasmic reticulum (ER) is one of the major organelles, which contribute to the regulation of [Ca 2+ ] i . In addition, ER plays central roles in the folding of secreted proteins. Multiple stimuli and pathological conditions disturb ER homeostasis and result in ER stress (7) to induce damages and death of BCECs. Our previous studies indicated that the up-regulation of Kir2.1 was responsible for the elevated resting [Ca 2+ ] i and cell death in ER stress-loaded t-BBEC117 (8 ] i elevation is essential for cell proliferation/death in BCECs (5, 8, 11) .
t-BBEC117 cells were cultured at 37°C, 5% CO 2 in high-glucose (25 mM) Dulbecco's modified Eagle's medium (DMEM; Wako, Osaka) containing 10% fetal bovine serum, 100 U/ml penicillin (Wako), 100 mg/ml streptomycin (Meiji Seika, Tokyo), and 1.0 mg/ml G418 (Wako). ER stress was loaded with tunicamycin as described previously (8) . Although high glucose environments per se could induce ER stress (12) , our previous study has demonstrated that the expression of CHOP, an ER stress marker, was significantly up-regulated under tunicamycin-treated conditions in t-BBEC117 under the cultivation in high-glucose DMEM medium. The fura-2 fluorescent was monitored using the ARGUS/HiSCA imaging system (Hamamatsu Photonics, Hamamatsu). Changes in membrane potential was also measured with a voltage-sensitive fluorescent dye, DiBAC 4 (3). Whole-cell patch clamp was performed in the same way as described previously (8) . The pipette solution for whole-cell patch clamp and the bath solution for the [Ca 2+ ] i and membrane potential measurement were described previously (5, 8) .
To clarify the relationship between membrane potential and [Ca 2+ ] i , [Ca 2+ ] i was determined in t-BBEC117 loaded with 50 mM fura-2 from a recording pipette under the voltage clamp in the whole-cell patch configuration (Fig. 1A) . The [Ca 2+ ] i was reduced by depolarization from −30 to 0 mV and significantly increased by the hyperpolarization to −80 mV as described previously (11) . The [Ca 2+ ] i rise at −80 mV was significantly reduced by the application of 10 mM La 3+ (n = 4, P < 0.01 vs. control) (Fig. 1B) . Next, the influence of membrane potential on SOCE was examined at holding potentials of 0 mV and −60 mV (Fig. 1C) . The peak of the [Ca 2+ ] i rise at holding potential of −60 mV (n = 5) was significantly larger than 0 mV (n = 4, P < 0.01 vs. −60 mV), indicating that SOCE depends on transmembrane electromotive force for Ca 2+ . In addition, there was no significant difference in SOCE at −60 mV between normal and tunicamycin-treated conditions (Fig. 1E) .
In the next series of experiments, we examined the effects of tunicamycin-treatment on the relationship between membrane potential and Ca 2+ influx in t-BBEC117 under the voltage-clamp mode in the same manner as Fig. 1 . In t-BBEC117 under ER stress, the Ca 2+ entry depended upon the membrane potential as that in the control (Fig. 2A) . The summarized data indicated that [Ca 2+ ] i at −80 mV was significantly higher than at −30 mV in t-BBEC117 regardless of tunicamycin treatment. There was, however, no significant difference in the [Ca 2+ ] i at −80 mV between normal and tunicamycintreated conditions (Fig. 2B) .
Our previous study reported that mRNAs of TRPC1, TRPC3, and TRPC5 are expressed in t-BBEC117 (11) . In the present study, the transcriptional expression analyses of TRPC, Orai1, and STIM1 in t-BBEC117 were performed under normal and tunicamycin-treated conditions. Orai1 and STIM1 comprise the major subunit composition responsible for CRAC and contribute to the regulation of Ca 2+ signaling in a wide variety of cell types (13) . Real-time PCR analyses show that no significant difference in mRNA expression of TRPC1, TRPC3, TRPC5, Orai1, and STIM1 was found between the control and tunicamycin-treated cells (Fig. 2C) . However, a further study is required to draw a conclusion about whether the functional expression of Ca 2+ entry channels per se is enhanced or not by ER stress in t-BBEC117.
In Fig. 3A , the membrane potential changes in response to SOCE were monitored with 100 nM DiBAC 4 (3) in t-BBEC117. SOCE was induced by the addition of 2.2 mM Ca 2+ to t-BBEC117, which were pretreated 1 mM TG in Ca 2+ -free solution. The addition of 2.2 mM Ca 2+ decreased the relative fluorescent intensity (ratio of F/F 140K ), indicating that membrane hyperpolarization occurred in both the control and tunicamycin-treated cells examined. The decrease in F/F 140K (a in Fig. 3A ) in tunicamycin-treated cells was larger than that in the control. The summarized results indicated that the hyperpolarization in tunicamycin-treated cells was significantly larger than that in normal cells (n = 125 and 76, respectively, P < 0.05 vs. normal) (Fig. 3B) .
The further application of 100 mM Ba 2+ substantially increased F/F 140K in tunicamycin-treated cells but not much in the control (Fig. 3A) . We found two types of cell population according to the Ba 2+ -sensitivity of SOCE-induced hyperpolarization. Under the normal conditions, the dominant cell population showed that the SOCE-induced membrane hyperpolarization was Ba 2+ -insensitive. On the other hand, under the tunicamycintreated conditions, the dominant cell population showed that the SOCE-induced membrane hyperpolarization was mostly recovered by Ba 2+ application. In summary, Ba 2+ -sensitive hyperpolarization was observed in 14% of t-BBEC117 (11 of 76 cells) under normal conditions and in 54% of t-BBEC117 (68 of 125 cells) under tunic- 2+ on the cell cycle progression in t-BBEC117. Cell cycle progression was monitored by the detection of DNA content using flow cytometric analysis. t-BBEC117 were fixed and permeabilized, and then DNA was labeled with propidium iodide. (normal: G0/G1; 57.7%, S; 13.0%, G2/M; 29.3%, TM: G0/G1; 52.7%, S; 10.5%, G2/M; 36.8%, TM + Ba 2+ : G0/G1; 56.5%, S; 16.5%, G2/M; 27.0%). E, Summarized data showing the cell cycle distribution of t-BBEC117 under normal conditions (n = 6) and tunicamycin-treated conditions in the absence (n = 3) and presence (n = 5) of 100 mM Ba 2+ . *P < 0.05, **P < 0.01 vs. normal; ## P < 0.01 vs. tunicamycin.
amycin-treated conditions. The changes in fluorescent ratio (DF/F 140K ) after the application of 100 mM Ba 2+ measured in Fig. 3A were summarized as b-a in Fig. 3C . There was a significant difference between the tunicamycin-treated cells and the control cells. (n = 125 and 76, respectively).
We have reported previously that ATP stimulation increased [Ca 2+ ] i and triggered membrane hyperpolarization in most of t-BBEC117 under control conditions (5) . The ATP-induced membrane hyperpolarization was mostly blocked by apamin, a small conductance Ca
-insensitive component of membrane hyperpolarization induced by SOCE was also blocked by 100 nM UCL1684 (normal: 0.66 ± 0.014 tunicamycin: 0.70 ± 0.019, n = 23 and 33 respectively, P = 0.17) (data not shown) and is supposed to be due to SK2 channel activation as has been suggested in the previous reports (5, 8) . The membrane hyperpolarization caused an increase of Kir2.1 conductance in t-BBEC117. The excessive membrane hyperpolarization mediated by SK2 and Kir2.1 channels induced further Ca 2+ entry (5, 8) . These results indicated that Ca 2+ influx in ER stressloaded cells sequentially activated SK2 and Kir2.1 channels, and the subsequent membrane hyperpolarization induced further Ca 2+ entry. Since it has been demonstrated that upregulation of Kir2.1 by ER stress facilitated cell death in t-BBEC117 (5, 8) , effects of ER stress on cell cycle progression was examined in this study. The staining of t-BBEC117 with propidium iodide was performed by flow cytometry. The summarized data showed that tunicamycin treatment resulted in cell cycle arrest at the G2/M phase: normal: G0/G1, 58.1% ± 0.32%; S, 14.1% ± 0.75%; G2/M, 27.8% ± 1.0%, n = 6 and tunicamycin: G0/G1, 53.0% ± 0.21%; S, 10.4% ± 0.15%; G2/M, 36.6% ± 0.13%, n = 3; : G0/G1, 55.2% ± 0.63%; S, 15.4% ± 0.33%; G2/M, 29.4% ± 0.93%, n = 5). These results suggest that the facilitation of cell death in t-BBEC117 due to the upregulation of Kir2.1 is involved in the arrest of the G2/M phase during cell cycle progression. The treatment with tunicamycin produced an approximately 10% change in cell cycle phase in t-BBEC117. Although this change was modest, it appears to be sufficient for the regulation of cell proliferation and/or cell death. It has been shown that the knockdown of Orai1 suppresses cell proliferation and arrests cells at the G2/M phase in human umbilical vein endothelial cells (HUVECs) (14) . Orai1 knockdown induced a small increase in the fraction of cell population in the G2/M phase only by approximately 7% but significantly suppressed cell growth and reduced the cell number to less than 50%. Another report has also shown that a small change in the cell population in the G0/G1 phase induced substantial cell death (15) .
In conclusion, ER stress induced upregulation of Kir2.1, which contributes to the deep resting membrane potential in t-BBEC117, whereas it had little effect on the pathway of Ca 2+ influx. These results strongly suggest that the Ca 2+ influx is regulated mainly by membrane potential changes in t-BBEC117 regardless of the tunicamycin-treatment. Subsequently, the Kir2.1 upregulation under tunicamycin-treated conditions arrested the cell cycle at the G2/M phase in t-BBEC117. It is conceivable that the membrane hyperpolarization via the upregulation of Kir2.1 induces sustained [Ca 2+ ] i rise under ER stress conditions and regulates ER stress-induced cell death in t-BBEC117 via the regulation of cell cycle progression.
